Abstract: Inflammatory bowel diseases (IBD) are represented by ulcerative colitis (UC) and Crohn's disease (CD), both of which involve chronic intestinal inflammation. Recent evidence has indicated that gut immunological homeostasis is maintained by the interaction between host immunity and intestinal microbiota. A variety of innate immune cells promote or suppress T cell differentiation and activation in response to intestinal bacteria or their metabolites. Some commensal bacteria species or bacterial metabolites enhance or repress host immunity by inducing T helper (Th) 17 cells or regulatory T cells. Intestinal epithelial cells between host immune cells and intestinal microbiota contribute to the separation of these populations and modulate host immune responses to intestinal microbiota. Therefore, the imbalance between host immunity and intestinal microbiota caused by host genetic predisposition or abnormal environmental factors promote susceptibility to intestinal inflammation.
Introduction
The gut is a unique organ, in which many commensal microbes and foreign materials exist. Gut homeostasis is ingeniously maintained by intestinal environmental factors and host immunity. Inflammatory bowel diseases (IBD) include Crohn's disease (CD) and ulcerative colitis (UC), which involve chronic inflammation of all or part of the digestive tract. In Japan, the number of patients with IBD has increased tremendously in the last 20 years, in association with a shift towards a more Westernized diet. However, the pathogenesis of IBD remains unclear, and therefore there is no definitive treatment for the diseases.
Recent evidence has indicated that both abnormal environmental factors and host immune dysregulation underlying genetic predisposition contribute to IBD development. 1) Intestinal environmental factors include gut microbiota, food antigens and metabolites from various organisms in the intestine. Several recent studies have revealed that certain gut microbiota and metabolites largely influence the host innate and adaptive immunity in the intestine by inducing immune cell activity and differentiation or the expression of several molecules involved in barrier function. 2) Therefore, alteration of microbial composition caused by pathogenic bacterial infection, Westernized foods or antimicrobial drugs contributes to aberrant immune responses and inflammatory cytokine production in the intestine. 3) In the intestinal lamina propria, various kinds of myeloid and lymphoid cells are present. These cells orchestrate gut immune system by communicating with one another through cytokine production or cell-cell contact. 4) There are numerous CD4 D T cells in the lamina propria, most of which are effector or memory T cells. The number and activity of effector T cells including T helper (Th) 1 and Th 17 cells are exquisitely regulated by several mechanisms. Foxp3 D regulatory T (T reg ) cells, abundant in the lamina propria, play a central role in the suppression of inflammatory response. IL-10, derived from T reg cells, decreases the production of the Th1 cytokines, interferon (IFN)-. and IL-12, and regulates intestinal myeloid cell activity. Accordingly, IL-10-deficient mice show spontaneous colitis accompanied by enhanced effector T cell activity. 5) Many reports have indicated that several innate immune cell subsets modulate intestinal homeostasis in human and murine intestine by enhancing or suppressing T cell immune responses. The function of innate immune cells such as dendritic cells (DCs) and macrophages is tightly maintained by several mechanisms, and the excessive activation of innate immune cells results in IBD development. (Fig. 1) . The mucosal barriers including antimicrobial peptides (AMPs) and the mucus layer constructed by intestinal epithelial cells, separate the intestinal microbiota and epithelial layers, contributing to the prevention of intestinal inflammation. 8) Intestinal epithelial cells can also directly modulate immune cell responses by producing inflammatory mediators including cytokines and chemokines, or presenting antigens to DCs or T cells. 8),9) In the intestine, the crosstalk among microbiota, epithelial cells and immune cells is essential to maintain homeostasis and regulate intestinal inflammation. In this review, we focus on the roles of innate immunity, intestinal microbiota and intestinal epithelial cells and the interaction of these players in gut homeostasis and inflammation.
Innate immunity and gut homeostasis
Several studies have identified a variety of innate immune cells that maintain gut homeostasis by promoting or suppressing T cell differentiation and activation. 10 TGF-O in response to ATP derived from commensal bacteria. 28) In the human intestine, HLA-DR high CD14 29) iii) Plasmacytoid DCs (pDCs).
pDCs are a unique population of bone-marrow-derived immune cells with the ability to produce large amounts of type I interferon. pDCs can differentiate into antigen-presenting DCs through the stimulation of TLR7 or TLR9 by pathogen-derived nucleic acid. pDCs localize in the lamina propria and GALTs of the small intestine and bridge the innate and adaptive immune systems resulting in a concerted immune response against pathogens. 30) pDCs in GALTs strongly induce IgA class switch recombination in B cells in a T cell independent manner by producing a proliferation-inducing ligand (APRIL) and B cellactivating factor of the tumor necrosis factor family (BAFF). 31) 2) Macrophages.
Intestinal 
CD11c
! macrophages in the large intestine produce large amounts of IL-10 in response to commensal bacteria via the TLR signaling pathway.
32) IL-10 suppresses the production of pro-inflammatory cytokines from activated myeloid cells in an IL-10/Stat3 signal dependent manner.
6) Accordingly, LysM-Cre; Stat3 flox/flox mice spontaneously develop intestinal inflammation. In addition, IL-10 derived from intestinal macrophages acts on T reg cells to maintain Foxp3 expression and suppressive function and promote T reg cell proliferation, thereby contributing to the prevention of intestinal inflammation. 33 ), 34) Moreover, CX3CR1
D macrophages induce GM-CSF production from ILC3 via production of IL-1O in response to commensal microbes, which in turn control DCs and macrophages to maintain colonic T reg cell homeostasis. 35) 3) M reg cells. A variety of innate myeloid cells in the intestine have been identified by several studies including those from our group. These studies demonstrate that each of innate myeloid cells directly or indirectly stimulated with commensal microorganisms exerts characteristic functions to maintain the gut immune system by enhancing or suppressing T cell activity or differentiation.
Intestinal microbiota and gut homeostasis
A huge number of microbiota inhabit the mammalian gut. Recent findings have demonstrated that commensal bacteria contribute to the maintenance of gut homeostasis by modulating not only nutrient metabolism, but also the gut immune system (Fig. 3) . 37) Indeed, in germ-free mice, which have no intestinal bacteria, the size of gut-associated lymphoid tissue (GALT) such as Peyer's patches and isolated lymphoid follicles, and mesenteric lymph nodes (MLNs) is dramatically reduced. 38) In addition, the number of IgA-producing plasma cells and Th17 cells in the intestinal lamina propria is severely decreased in germ-free mice. 39),40) Therefore, these mice are susceptible to enteric bacterial infection. 41) The gnotobiotic approach, in which germ-free animals are colonized with defined microorganisms, is used to analyze the interaction between the host immune system and microorganisms. Recent studies using this approach have identified several microbial populations that modulate host immunity.
Segmented filamentous bacteria (SFB), intestinal bacteria found in mice and rats, specifically induce Th17 cells in the intestinal lamina propria by promoting the production of serum amyloid A (SAA) and reactive oxygen species (ROS) from intestinal epithelial cells. 40) , 42) In addition, SFB colonization promote the development of Peyer's patch and IgAproducing cells, resulting in a much higher IgA level in the gut lumen. 43) Accordingly, SFB colonization enhances resistance to pathogenic bacteria, such as Citrobacter rodentium. 40) In contrast, Th17 cells induced by SFB colonization trigger autoimmune arthritis and enhance experimental autoimmune encephalomyelitis development, indicating that SFB colonization is involved in the development of autoimmune diseases. 44 ), 45) In contrast, some commensal bacteria have repressive activities on host immunity by facilitating the development of Foxp3 D T reg cells in the intestinal lamina propria. Clostridium species belonging to cluster XIVa and IV promote the development of Foxp3 D T reg in the large intestine by inducing TGF-O production from intestinal epithelial cells. 46 47) Metabolites derived from commensal bacteria, such as short chain fatty acids (SCFAs), secondary bile acids and vitamins, can also modulates the host gut immune system and contribute to shaping gut microbiome consortium. Our group reported that ATP derived from commensal bacteria drives Th17 differentiation in the intestine. 32) In addition, we previously reported that indole, which is produced by commensal bacteria possessing tryptophanase, enhances epithelial barrier function in the colon by increasing the expression of both tight junction-and adherens junction-associated molecules. 48) SCFAs including butyrate, propionate and acetate are produced by commensal bacteria during dietary fiber fermentation in the colon. SCFAs are not only energy sources for the host, but also immunomodulators for the gut immune systems. For example, butyrate and propionate induce Foxp3 D T reg cell differentiation and their suppressive ability by inhibiting histone deacetylase (HDAC) activity. Consequently, this then promotes histone acetylation in the promoter and conserved non-coding sequence regions of the Foxp3 locus. 49 ),50) Butyrate also suppresses the production of pro-inflammatory cytokines from macrophages via HDAC inhibition. 51) On the other hand, acetate promotes intestinal epithelial cell proliferation and mucus production, resulting in the enhancement of mucosal barrier function.
Many studies have demonstrated "dysbiosis", which means significant changes in the gut microbiota, occurs in patients with IBD. 52) It is a subject of controversy whether dysbiosis is a cause or consequence of IBD. However, mouse studies have revealed that alteration of microbial composition, resulting from co-housing with mice showing dysbiosis of their gut microbiome or high-fat diet intake causes high susceptibility to intestinal inflammation. 53 ), 54) Additionally, dysbiosis-related conditions promote CX3CR1 D macrophages ability to capture luminal bacteria and activate effector T cells, contributing to excessive immune responses to commensal bacteria. 55) These findings clearly indicate that intestinal microbiota is critically involved in the maintenance of gut homeostasis.
Intestinal epithelial cells and gut homeostasis
The intestinal mucosa is protected from commensal microbes and pathogenic microorganisms by various types of barriers. 8) These barriers, constructed by several kinds of intestinal epithelial cells such as absorptive epithelial cells, goblet cells and Paneth cells, consist of physical barriers and chemical barriers (Fig. 4) . Physical barriers include mucus layer, glycocalyx and cell junction. FUT2, MUC19 and NOD2 are identified as IBD susceptibility genes. 56) Indeed, decreased mucosal barrier function, such as reduced production of AMPs or mucus, is observed in the intestines of patients with IBD. 57) Additionally, genetically-modified mice showing mucosal barrier dysfunction are highly susceptible to intestinal inflammation. 58)-60) These results indicate that the mucosal barriers established by intestinal epithelial cells is essential for the maintenance of gut homeostasis.
The mucus layer, one of physical barriers, is produced by intestinal secretory cells. Mucus is a viscous fluid enriched in mucin glycoproteins forming larger net-like polymers. The mucus layers play an indispensable role in the prevention of enteric pathogen infection and intestinal inflammation. Intestinal epithelial cells in the colon, where tremendous numbers of microorganisms inhabit, are covered by thick mucus composed of two layers: the inner firm mucus layer and the outer loose mucus layer. 61) A number of commensal microorganisms are present in the outer mucus layer, whereas the inner mucus layer is free from them. The separation of commensal bacteria and colonic epithelia by the inner mucus layer is critically involved in the prevention of intestinal inflammation. For example, Muc2-deficient mice, in which the mucus layer is defective, develop spontaneous colitis.
58) The deficiency of cooperation of core 1 synthase (C1galt), which synthesizes the major constituent of the O-glycan core structure, allows bacteria to penetrate into the inner mucus layer, resulting in spontaneous colitis. 62) In addition, mice lacking Nlrp6, an inflammasome-associated molecule, show the disappearance of bacterial free zone in the inner mucus layer and thus highly sensitive to DSS-induced intestinal inflammation and pathogenic bacterial infection. 53),63) However, the mechanism by which the inner mucus layer prevents bacterial access to the epithelial surface of the large intestine remained unclear.
Our group identified a novel molecule termed Ly6/Plaur domain containing 8 (Lypd8), which is a GPI-anchored protein, selectively expressed on the uppermost epithelial layer of the colon. 64) Immunohistochemical analysis revealed that highly glycosylated Lypd8 is constitutively shed into the intestinal lumen. Lypd8-deficient mice showed the disappearance of bacterial free space just above the epithelial layer of the colon and high susceptibility to DSSinduced intestinal inflammation, indicating that Lypd8 is critical for the segregation of intestinal bacteria and colonic epithelia. In the absence of Lypd8, a lot of flagellated bacteria, such as Escherichia, Proteus and Helicobacter, invaded the colonic epithelia. An in-vitro analysis demonstrated that Lypd8 preferentially binds to flagellated bacteria by binding to flagella and thereby inhibits their motility. These results indicate that Lypd8 maintain gut homeostasis by suppressing bacterial invasion of the intestinal mucosa by flagellated bacteria (Fig. 5) .
In the small intestine, where the number of gobet cells is fewer than in the large intestine, a variety of cationic AMPs including ,, O-defensin and regenerating islet-derived 3 (Reg3) family proteins, produced by intestinal epithelial cells including Paneth cells, mainly contribute to the segregation of intestinal bacteria and epithelial cells. 65 ),66) Most AMPs are small basic amino acid-rich cationic proteins, which can bind to the microbial cell membrane and form pore-like membrane defects. The production of Reg3., a member of the Reg3 family, from Paneth cells is enhanced by TLR/ Myd88 signaling. 67) Reg3. is active against grampositive bacteria and contributes to the spatial separation of gram-positive bacteria and the host in the small intestine. 
Interaction of intestinal epithelial cells with immune cells
Intestinal epithelial cells indirectly or directly interact with innate and adaptive immune cells by presenting antigens to DCs or T cells, or by expressing cytokines, chemokines, hormones and enzymes. 8),9), 70) We previously reported that ectonucleoside triphosphate diophosphohydrolase (E-NTPD) 7, highly expressed in intestinal epithelial cells of the small intestine, controls ATP concentrations in the intestinal lumen and make a contribution to the regulation of Th17 cell responses in the lamina propria. 71) Enterocytes produce SAA or ROS in response to SFB or pathogenic bacterial adhesion, which leads to Th17 cell differentiation. 42) Muc2, produced by goblet cells, not only organize the mucus layer but also constrains the immunogenicity of gut antigens by delivering tolerogenic signals to DCs taking in Muc2 glycans. 72) M cells, which are found in follicle-associated epithelia (FAE), is a specialist to deliver antigens in the lumen to antigen-presenting cells including DCs and T cells and play an important role in antigen-specific IgA production. 73) Recent studies demonstrated that tuft cells, which is a member of intestinal epithelial cells, contribute largely to elimination of helminths by producing IL-25 following infection. IL-25 further activates ILC2 to secrete IL-13 which acts on epithelial progenitors to promote differentiation of tuft and goblet cells for protection against parasite infection.
74)-76) Cholecystokinin, secreted by intestinal endocrine cells, a minor population of intestinal epithelial cells, can control macrophage activations by inhibiting inducible nitric oxide synthase (iNOS) production. 77) Immune cells also act on intestinal epithelial cells by secreting cytokines. As previously mentioned, IL-22 produced by ILC3 or Th17 cells upregulate AMPs secretion from epithelial cells. IL-17 also enhances the expression of AMPs cooperative with IL-22.
20) IL-6 derived from intraepithelial lymphocytes promotes intestinal epithelial proliferation contributing to healing from mucosal injury. 78) In contrast, pro-inflammatory cytokines such as TNF-, and IFN-. inhibits epithelial cell proliferation through suppression of O-catenin/T cell factor (TCF) signaling. 79) In the case of mucosal injury, inflammatory monocytes are recruited into the mucosal wound site after neutrophil infiltration to help recovery of the mucosal barrier. Activated macrophages differentiated from recruited monocytes stimulates the colonic epithelial progenitor niche to promote epithelial regeneration. 80) Th2 cytokines such as IL-4 and IL-13 facilitate colonic wound healing by inducing alternative activation of macrophages, which contribute to epithelial proliferation.
81)

Conclusion
Recent mouse studies have revealed that multiple players, including host immune cells, intestinal epithelial cells and intestinal microorganisms, play critical roles in the maintenance of gut homeostasis by communicating with one another. Both of abnormal environmental factors and gut immune system dysfunction cause inflammation in the intestine. In addition, recent genome-wide association studies have identified IBD susceptibility loci and have contributed to the understanding of IBD pathogenesis. However, there are a number of differences in the immune system and the gut microbial composition between mice and humans. 82),83) Therefore the pathogenesis of human IBD is still not fully elucidated. Further investigation of the human gut immune system and intestinal environmental factors may promote advances in the understanding of IBD pathogenesis and new therapeutic approaches for IBD.
Lypd8
Wild-type
Inner mucus
Outer mucus
Lypd8-deficient Proteus Escherichia Helicobacter
Inner mucus
Outer mucus Intestinal inflammation Fig. 5 . Lypd8 segregates intestinal bacteria and colonic epithelia. Lypd8 is a highly glycosylated GPI-anchored protein, and highly and selectively expressed on the uppermost layer of the colonic epithelial cells and shed into the intestinal lumen. Lypd8 inhibits invasion of flagellated bacteria to the colonic mucosa by suppressing their motility, and thereby regulates the intestinal inflammation.
